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Abstract 
 
Benthic food web structure can differ over large scales across Arctic shelves in 
relation to hydrographic conditions, but little is known if such differences also may occur 
on smaller scales in hydrographically complex areas. The length, food sources, trophic 
composition, and energy distribution of benthic food webs in three study areas in the 
northeastern Chukchi Sea (i.e., Klondike, Burger, and Statoil, as part of the Chukchi Sea 
Environmental Studies Program) were compared using stable isotope analysis and bomb 
calorimetry. Food web length (four trophic levels), food sources, and linear models of 
food webs were comparable among areas. Marked differences in food web structure were 
observed when trophic levels were quantified by benthic biomass and abundance. High 
proportions of biomass and abundance of trophic level 3 taxa at Burger were attributed to 
high deposition of refractory material. High proportions of trophic level 1 and 2 taxa at 
Klondike and Statoil reflected availability of fresh material. Burger could potentially 
present a rich foraging ground for some benthic predators due to especially high benthic 
prey energy densities. Findings emphasize that marine food webs can vary on small 
spatial scales in accordance with hydrographic conditions, particularly when quantitative 
trophic level distribution is considered.  
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SMALL-SCALE VARIABILITY IN BENTHIC FOOD WEBS IN THE 
NORTHEASTERN CHUKCHI SEA
1
 
 
INTRODUCTION  
 The abundant and biomass-rich benthic communities in the northeastern Chukchi 
Sea are an important link between seasonal pelagic and sea ice-associated production and 
higher trophic level consumers (Bluhm & Gradinger 2008, Grebmeier 2012). The 
structure of the benthic food web, e.g., number of trophic levels determining length, 
distribution of feeding guilds, and energy content of benthic food web members, 
determines much of the energy distribution of the benthic communities on the Arctic 
shelves. These food web characteristics are known to vary on large regional scales in the 
Chukchi Sea, due in part to different water mass characteristics and nutrient regimes 
(Dunton et al. 1989, Iken et al. 2010, Feder et al. 2011). For example, identical 
consumers fed on a lower trophic level in the nutrient-rich Anadyr Water (AW) 
compared to the less nutrient-rich Alaskan Coastal Water (ACW) in the southern Chukchi 
Sea, indicating more direct pelagic-benthic coupling under AW conditions (Iken et al. 
2010). The overall stable spatial location of regional-scale water masses and their 
hydrographic characteristics likely maintains these benthic food web differences. It is 
currently unknown if such patterns in benthic food web characteristics may be 
downscaled to smaller spatial scales (Piepenburg 2005). Possibly, advective processes 
over small scales may prohibit the establishment of distinct benthic food webs or energy 
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hotspots. Alternatively, such small-scale differences may exist due to geomorphological 
variations and hydrodynamic processes and be of importance to higher-trophic level 
consumers (Desrosiers et al. 2000, Dunton et al. 2005, Dubois et al. 2007). The purpose 
of this study was, therefore, to assess if differences in benthic food web characteristics 
are detectable over small spatial scales in a hydrographically and topographically diverse 
region of the northeastern Chukchi Sea. Small-scale comparisons in this study are defined 
as spatial comparisons between 60 km and 120 km (each study area has a total area of 
~3,000 km
2
 and sampling locations are separated by a few to tens of kilometers). This 
range is smaller than that of comparisons made by previous studies in the Chukchi Sea 
(Iken et al. 2010, Feder et al. 2011), which are considered large-scale in this study (total 
area sampled is up to ~70,000 km
2
 with sampling locations separated by tens to hundreds 
of kilometers). 
Benthic food webs in the Chukchi Sea are characterized by tight pelagic-benthic 
coupling and highly influenced by sea ice dynamics (Dunton et al. 1989, 2005, 
Grebmeier & McRoy 1989, Grebmeier et al. 1989, Iken et al. 2010). The northeastern 
Chukchi Sea is seasonally ice covered, approximately six months out of the year (Mysak 
& Manak 1989, Weingartner et al. 2005, Woodgate et al. 2005). Timing of ice melt 
affects sympagic and pelagic production (Grebmeier et al. 2006); melting releases ice 
algae early in the spring, and the subsequent salinity stratification enables formation of a 
phytoplankton bloom (Sakshaug 2004, Grebmeier 2012). The majority of water column 
production occurs from late spring through late summer after sea ice has moved out of 
the region (Grebmeier et al. 2006). Large zooplankton grazers are absent from the 
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shallow water depths on the shelf in winter/early spring and must be advected into the 
area from the south (i.e., Bering Sea), resulting in a mismatch between early seasonal 
production and zooplankton community development (Questel et al. 2013). 
Consequently, much of the sea ice algae and seasonal production released earlier in the 
season sinks to the benthos before zooplankton communities develop (Walsh & McRoy 
1986, Grebmeier & Barry 1991, Ambrose et al. 2005). The high standing benthic stock 
on the Chukchi shelf (averaging 5–15 g carbon m-2, but with values as high as 100 g 
carbon m
-2
 at the head of Barrow Canyon; Grebmeier et al. 2006) is attributed to the flux 
of ungrazed particulate organic matter (POM) to the bottom and advection of carbon 
from the highly productive northern Bering and southern Chukchi seas (Dunton et al. 
2005, Grebmeier et al. 2006, Feder et al. 2007, Woodgate et al. 2010, Blanchard et al. 
2013a, b). The rich benthic communities of the northeastern Chukchi Sea support high 
densities of upper trophic level benthic predators, such as bearded seals (Erignathus 
barbatus), Pacific walruses (Odobenus rosmarus divergens), and gray whales 
(Eschrichtius robustus) (Lowry et al. 1980, Fay 1982, Dehn et al. 2007, Sheffield & 
Grebmeier 2009).  
Stable carbon and nitrogen isotopes are frequently used in food web studies to 
determine food sources and trophic position of taxa. The stable carbon isotope ratio of 
primary producers varies according to different photosynthetic pathways, and has a low 
fractionation with trophic transfer (<1‰; DeNiro & Epstein 1978, 1981, Peterson & Fry 
1987, Post 2002). Terrestrial material is more depleted in 
13
C than marine-derived 
production. For example, terrestrial material from river inflow into the southern Chukchi 
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Sea has a 13C value of -27‰, and typical marine pelagic primary production 13C values 
fall between -26‰ and -21‰ (Naidu et al. 2000, Gradinger 2009). Stable carbon isotope 
ratios are, therefore, good indicators of food sources and their origin. Conversely, stable 
nitrogen isotope ratios have higher fractionation with trophic transfers (~3.4‰ for lower 
trophic levels; Minagawa & Wada 1984, Peterson & Fry 1987, Post 2002), and are good 
indicators of trophic position. Processing of the POM food source can also be inferred 
from stable nitrogen isotope ratios, as microbial degradation results in the loss of the 
lighter isotope and will leave material isotopically enriched (Altabet & McCarthy 1985, 
Checkley & Entzeroth 1985, Freudenthal et al. 2001). 
The strength of pelagic-benthic coupling in the Chukchi Sea has been evidenced 
by previous studies with the aid of stable isotope analysis. Benthic food webs in the 
southern Chukchi Sea are influenced by multiple water masses, including AW and ACW. 
Each carries different food sources, with marine primary production in the water column 
offshore (AW) and greater proportions of terrestrial carbon inshore (ACW) (Grebmeier et 
al. 2006, Iken et al. 2010). High proportions of consumer species within the first trophic 
level and biomass dominants at low trophic levels indicate a tight pelagic-benthic 
coupling for the benthic community under AW (Iken et al. 2010). Tight pelagic-benthic 
coupling in the eastern Chukchi Sea food web between Cape Lisburne and Wainwright is 
reflected in the low stable carbon isotope variability among consumer feeding groups 
(~2‰; Dunton et al. 1989). Stable carbon isotope ranges of benthos from the 
southeastern Chukchi Sea below Cape Lisburne are, however, larger (6.3‰ on the 
southeastern Chukchi Shelf, and 5.2‰ in the Chukchi Bight) due to increased terrestrial 
5 
 
input into the food webs of these areas (Feder et al. 2011). The benthic system in the 
northeastern Chukchi Sea is divided into a trophic guild that relies mostly on pelagic 
production and a trophic guild that also assimilates a non-pelagic carbon source 
(McTigue et al. 2012).  
While benthic food web investigations using stable isotopes are useful for 
qualitatively examining trophodynamics and pelagic-benthic coupling, energy 
assessments of benthic prey can expand this information by quantifying the amount of 
energy deposited to the benthos that is then available to top predators such as marine 
mammals and seabirds. The caloric content of a local benthic community is largely 
determined by the energy available through primary production delivered to the system as 
well as the taxon and feeding type composition of the community. Currents and changes 
in water circulation due to topographic variations can cause increased availability of 
POM through advection processes, or increased deposition of POM where water 
movements are slow (Snelgrove & Butman 1994, Blanchard et al. 2013a, b). Such 
depositional areas are typically characterized by finer sediments and higher proportions 
of deposit-feeding organisms (Rhoads & Young 1970, Grebmeier 1993). In contrast, 
coarser sediments and greater proportions of suspension-feeding organisms are found 
where water currents are stronger (Feder et al. 1994a, 2005, 2007, Bluhm et al. 2009). 
These differences in particle flow and feeding types translate into the energy density 
within the benthic community (Bagatini et al. 2010). 
Benthic energy density information can be useful to estimate the potential value 
of a particular area as a foraging ground for top level predators, the capacity of top level 
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predators it can support, and the specific energetic impact this predation has on a benthic 
community (Wesławski et al. 2006). Caloric data can also provide insight on prey quality, 
which is spatially and temporally variable and affects reproduction and population 
dynamics of marine mammal predators and seabirds (Rosen & Trites 2000, Trites & 
Donnelly 2003, Österblom et al. 2008). Tracking changes of the benthic community food 
web and energy composition due to continued climatic warming or local anthropogenic 
influences may give insight into effects on marine mammal populations relying on the 
benthos, as benthic prey abundance, quality, and energy density may have an impact on 
predator densities (Darling et al. 1998, Piepenburg 2005, Bluhm & Gradinger 2008).  
In light of increased management needs due to increased anthropogenic activities 
in the northeastern Chukchi Sea, the understanding of small-scale variation in benthic 
food web structure, energy flow, and energy density as hotspots for benthic-feeding top 
predators becomes a pressing issue. From an ecosystem standpoint, the question is if 
some of the established large-scale patterns in benthic food web and energy distribution 
patterns across the Chukchi Sea shelf (Dunton et al. 1989, Iken et al. 2010, Feder et al. 
2011, McTigue et al. 2012) are homogeneous, or if in actuality they are a mosaic of 
small-scale patches that differ in energy flow and benthic food web and energy structure. 
The Chukchi Sea Environmental Studies Program (CSESP), a multi-disciplinary research 
project in the hydrographically and topographically complex northeastern Chukchi Sea, 
afforded the opportunity to assess small-scale variation of food web and energy density 
structure. The hypothesis tested here was that the benthic food web in the study region 
7 
 
will vary spatially in food source characteristics, food web length, and trophic 
composition, and that the resulting benthic communities will differ in energy density. 
 
METHODS 
Study Area 
The overall study region is located off the northwestern coast of Alaska, 
southwest of Hanna Shoal, between Barrow Canyon and the Chukchi Sea Central 
Channel (Fig. 1). The study region is 100 to 200 km northwest of the coastal community 
of Wainwright, Alaska, and contains three study areas:  Klondike, Burger, and Statoil. In 
all three areas successful lease bids for oil and gas development were made during the 
February 2008 Chukchi Sea Lease Sale 193. Each study area is about 3000 km
2
 with 
Klondike approximately 14 km southwest of Burger, and Statoil northwest adjacent to 
Burger, where they share a border. 
One of the primary water masses affecting the northeastern Chukchi Sea (Bering 
Shelf Water, BSW) flows north through the Bering Strait transporting heat, carbon, 
nutrients, oxygen, primary production, and biota into the Chukchi Sea from the south 
(Weingartner et al. 1998, 2005). Part of the BSW flows north through the Central 
Channel before reaching the study region. Topographical features, such as the Central 
Channel and Hanna Shoal (see Fig. 1), play an important role in modifying water mass 
movement and influencing environmental and biological characteristics of each study 
area (Winsor & Chapman 2004, Blanchard et al. 2013a). Hanna Shoal, just north of the 
study region, is approximately 100 km in diameter, and rises 10–20 m above its 
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surroundings (Martin & Drucker 1997). A portion of the BSW flows north through the 
Central Channel and branches to the east over Klondike, while the remainder continues to 
travel north over western Statoil and along the western flank of Hanna Shoal (Fig. 1) 
(Weingartner et al. 2013). This water travels northward before recirculating into the study 
region by wrapping around Hanna Shoal in an anticyclonic gyre (Martin & Drucker 1997, 
Winsor & Chapman 2004, Spall 2007). Circulation models indicate that the recirculating 
water converges over Burger with the previously mentioned eastward moving currents 
from Klondike, and the interaction likely creates an area of slowed water movement. 
While no current velocity readings exist for this area of convergence, the eastward water 
movement crosses Burger at 2 cm s
-1
 (Weingartner et al. 2013), resulting in fine bottom 
sediments. Faster currents over Klondike (4 cm s
-1
; Weingartner et al. 2013) carry away 
finer bottom sediment fractions and leave coarser grain sizes, resulting in lower organic 
carbon (OC), mud content, and benthic biomass and abundance compared to Burger and 
Statoil (Blanchard et al. 2013a). Subtle differences in environmental characteristics also 
exist between Burger and Statoil, though these two areas are overall similar; Statoil is 
slightly shallower, with lower OC and coarser sediments, while increased water depths 
exist at Burger at the head of a submerged watershed draining towards Barrow Canyon 
(Blanchard et al. 2013a). The described topographic and circulation patterns create an 
environmental gradient that spans from a more dynamic habitat in the south (Klondike) to 
a more depositional environment in the northern study areas (Burger and Statoil) over a 
relatively small spatial scale. Despite similar overall benthic faunal composition among 
all areas (Blanchard et al. 2013a), seabird and marine mammal observations suggest that 
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Klondike is a more pelagic-driven system, while Burger is more of a benthic-driven 
system. For example, densities of fishes and planktivorous seabirds are higher at 
Klondike than Burger, where benthic-feeding marine mammals occur in higher densities 
and where benthic biomass and density are higher (Aerts et al. 2013, Blanchard et al. 
2013a, Day et al. 2013, Gall et al. 2013). Statoil shares biological characteristics with 
both of the other study areas. 
 
Sample collection and preparation 
Sampling for this study occurred annually from 2009–2011 at Klondike, Burger, 
and Statoil (2010 and 2011 only) at a total of 76 stations. However, not all sample types 
were collected every year and at every station. Samples were collected from 17 August to 
10 October 2009, and 5 August to 14 September 2010 and 2011. Four sample types were 
collected: sediments, benthic invertebrates, POM, and benthic energy content (Fig. 2).  
POM and surface sediments were sampled to characterize the food sources 
available to the benthic food web. POM from the chlorophyll maximum layer (5 m to 43 
m above the seafloor) was sampled using Niskin bottles on a Seabird SBE25/SBE55 
CTD (conductivity-temperature-depth) rosette from 1–20 September 2010, with one 
replicate per station. Fifty ml of water was filtered under low pressure onto a Whatman 
GF/F filter (0.7 µm) and frozen for stable isotope analysis (Parsons et al. 1984). All 
frozen samples were kept at -4˚C aboard the vessel. The top 5 cm of sediment from one 
side of a 0.1 m
2
 double van Veen grab was collected into 50 ml centrifuge tubes and 
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frozen for stable isotope analysis during the 2009–2010 cruises, with one replicate per 
station. 
Invertebrate samples were collected during all cruises. Epifauna were collected 
with a 3.05-m plumb staff beam trawl (4-mm codend liner, 7-mm mesh) during the 2009–
2010 cruises from eight stations at Klondike, 12 stations at Burger, and one station at 
Statoil.  Epifauna were sorted, identified to the lowest taxonomic level possible, and 
frozen in individual Whirlpak™ bags by taxon for stable isotope analysis and bomb 
calorimetry. Infaunal samples were collected from one side of a 0.1 m
2
 double van Veen 
grab during the 2009–2011 cruises from 14 stations each at Klondike and Burger, and 26 
stations from Statoil. Grabs were rinsed through 1-mm mesh screens, invertebrate taxa 
collected, and frozen for stable isotope analysis and bomb calorimetry. Whole organisms 
(infaunal and epifaunal) were partially thawed in the laboratory, identified to the lowest 
taxonomic level possible, rinsed with deionized water to remove debris, and then freeze-
dried. Polychaetes of the family Maldanidae and the bivalve Ennucula tenuis (each n=3 
where possible), and other infaunal taxa (1–6 replicates per station) representative of 
common fauna in the Chukchi Sea as found by other studies (Feder et al. 2005, 2011, 
Iken et al. 2010), were selected for stable carbon and nitrogen isotope analysis. A total of 
92 taxa were analyzed, consisting of 46 infaunal and 46 epifaunal taxa. 
 
Stable isotope analysis 
 POM filters were oven-dried at 60˚C for 24 h and acid-fumed for 48 h with HCl 
vapors in a vacuum chamber for removal of carbonates (Iken et al. 2010), which affect 
11 
 
stable carbon isotope signatures. One third to one half of the top layer of the filter was 
scraped off and weighed into tin capsules. Sediments were rinsed in 1 N HCl until 
bubbling ceased, rinsed with deionized water, freeze-dried on a VirTis Sentry freeze 
dryer, and weighed (13–17 mg) into tin capsules for stable carbon and nitrogen isotope 
analysis.  
Differences in tissue turnover rates can bias stable isotope measurements 
(Peterson & Fry 1987). Therefore, benthic invertebrate samples were prepared using 
whole body homogenates, including shells, to obtain an average stable isotope signature 
for the organism (McClelland et al. 1997, Anderson & Polis 1998, Michener & Kaufman 
2007). Samples were acidified and lipid-extracted to remove bias of 
13
C-depleted 
carbonates and lipids, respectively, on 13C measurements (DeNiro & Epstein 1978). 
Samples were acidified with 1 N HCl for removal of carbonates (Dunton et al. 1989, Iken 
et al. 2010). Samples were freeze-dried, and then lipid-extracted with a minimum of three 
24 h soaks in 5 mL of 2:1 chloroform methanol (Folch et al. 1957, Post & Parkinson 
2001, Hobson et al. 2002, Arrington et al. 2006). As a caveat, lipid-extraction can affect 
stable nitrogen isotope signatures (Sotiropoulos et al. 2004, Logan et al. 2008), which 
will need to be considered when comparing 15N results to other studies. Samples were 
freeze-dried for a minimum of 24 h after solvent removal. Multiple individuals were 
composited when organisms were too small to provide at least 5 mg of material for stable 
isotope processing (to account for loss of material during processing). Samples large 
enough to yield sufficient mass were homogenized with mortar and pestle prior to 
processing, otherwise they were processed whole. A 0.1–0.5 mg subsample from each 
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homogenized sample was weighed into tin capsules for stable carbon and nitrogen 
isotope analysis.  
Samples were analyzed for stable carbon and nitrogen isotopes at the Alaska 
Stable Isotope Facility (University of Alaska Fairbanks). All analyses were performed 
using a Thermo Finnigan Delta Isotope Ratio Mass-Spectrometer with Pee-Dee 
Belemnite (PDB) and atmospheric nitrogen (N2) as standards for stable carbon and 
nitrogen isotope measurements, respectively. Sample isotope ratios are expressed in 
standard  notation in parts per thousand (‰) using the equation: 

X = [(Rsample/Rstandard) – 1] × 1000    (1) 
 
where X is 
13
C or 
15
N, and R is the corresponding isotopic ratio 
13
C/
12
C or 
15
N/
14
N. 
Instrument error was determined by a laboratory peptone standard (Ben-David & 
Flaherty 2012). Analytical instrument error was ±0.10‰ for 13C and ±0.18‰ for 15N 
(n=144 each). Trophic levels were calculated based on primary consumer δ15N values 
using the following formula: 
 
TL(PC) = (δ
15
Nconsumer – δ
15
Nprimary consumer) / 3.4 + 2  (2) 
 
where TL(PC) is the calculated trophic level based on a primary consumer (PC), and 3.4‰ 
is the average enrichment among trophic levels for aquatic consumers (Minagawa & 
Wada 1984, Vander Zanden & Rasmussen 2001, Post 2002, Iken et al. 2010). Trophic 
13 
 
level calculations were based on a primary consumer (the amphipod Ampelisca 
eschrichti) rather than POM, as the POM source is temporally and spatially variable, 
while primary consumers present a time-integrated measure of local primary production 
(Post 2002). To quantify the community distribution within trophic levels, biomass (g m
-
2
) and abundance (individuals m
-2
) data from 2009–2011 of the macro- and megafaunal 
community (Blanchard et al. 2013a, b) were averaged for each of the three study areas by 
taxon and binned by trophic level. Although some interannual differences in biomass and 
abundance existed in each area, averaging across years was considered appropriate to 
answer the research question of small-scale variability of this study, which was not 
concerned with temporal variation. Nevertheless, averaging these values likely added a 
low to moderate amount of variation based on the standard deviations calculated for the 
benthic communities over the three years (Table 1). POM and sediment C/N ratios were 
calculated based on the weight-to-weight percent of C and N provided with stable isotope 
measurements and were used to determine nutritional quality, with lower C/N ratios 
indicating higher nutritional quality (Gnaiger & Bitterlich 1984, Dorgelo & Leonards 
2001). POM and deposited surface sediments are generally composed of detrital material, 
which consists of senescent algae, plant material, and faecal pellets (Valiela 1995). 
Therefore, a high C/N ratio would likely indicate presence of terrestrial or refractory 
carbon such as cellulose (Walsh 1980). A low C/N ratio suggests higher food quality due 
to greater presence of microbial proteins and less refractory material (Parsons et al. 1984, 
Taylor & Roff 1984). Animals were categorized by feeding type based on known feeding 
methods (Young & Rhoads 1971, Taylor 1978, Fauchald & Jumars 1979, Rice et al. 
14 
 
 
 
1980, Coyle & Highsmith 1994, Feder et al. 1994b, 2007, 2011, Holte & Gulliksen 1998, 
Oug 2000, Iken et al. 2005, Kędra & Murina 2007). 
 
Bomb calorimetry 
Forty-seven infaunal and epifaunal taxa from the study region were selected for 
bomb calorimetry analysis, on the basis that they are known prey items of Arctic 
pinnipeds and cetaceans (Lowry et al. 1980, Fay 1982, Darling et al. 1998, Pauly et al. 
1998, Sheffield et al. 2001, Dehn et al. 2007, Sheffield & Grebmeier 2009, Quakenbush 
et al. 2011a, b). Prey of benthic-feeding seabirds were excluded from analyses because 
benthic-feeding species were rarely sighted in the study areas (<1% of records; Gall 
personal communication). The relatively large amount of material needed for calorimetry 
and prevalence of epibenthic prey items in many marine mammal diets restricted taxon 
selection mostly to those collected from trawls. Limited spatial coverage of trawls 
prohibited study area comparisons of caloric data within taxa; therefore, mean caloric 
content for a taxon was extrapolated for all areas or averaged across study areas if several 
collections existed. Only taxa collected in 2009 were selected for bomb calorimetry to 
exclude temporal variability in caloric content. For caloric processing, shells were 
removed from gastropods and bivalves as soft body parts are extracted from shells during 
consumption by marine mammals. Invertebrates with inorganic structures that were 
difficult to separate from tissue (e.g., echinoderms, decapods) were homogenized and 
analyzed whole. These types of prey are being consumed whole by marine mammal 
predators, therefore this method better approximates energy gained by ingestion. Multiple 
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animals were pooled where individuals did not provide sufficient mass for analysis. 
Pooled samples consisted of individuals collected from the same station. Wet mass (WM) 
was recorded, and samples were frozen before freeze-drying for a minimum of 48 h. Dry 
mass (DM) was recorded following lyophilization (for wet weight to dry weight 
conversion factors) and samples were homogenized with mortar and pestle. Dried 
samples were formed into pellets (~0.5–1 g) and analyzed on a Parr model 6300 oxygen 
bomb calorimeter for gross energy content at the Marine Mammal Laboratory (University 
of Alaska Fairbanks). Samples that did not hold their form in a pellet were analyzed in 
gelatin capsules. Five empty gelatin capsules were weighed and analyzed to determine 
their average caloric value for correction of prey caloric content (2.06 kJ per capsule). 
Instrument error (±0.04 kJ g
-1
) was determined by analysis of 12 benzoic acid standards 
(Parr Instrument Co.). Replicates on pooled and individual taxa were run as many times 
as the amount of available sample would allow (2–10 times). Mean caloric content of 
taxa is reported in kJ g
-1
 DM and kJ g
-1
 WM. Caloric values based on WM were used to 
generate the energy density kriging plots as DM measurements do not accurately 
represent the energy gained by consumption of live prey.   
 
Statistical analyses 
Statistical analyses were performed using the software package R (www.r-
project.org, V2.15.0). Data were normally distributed and no transformation was 
required. To assess if sediment data from two collection years could be combined, an 
ANOVA (analysis of variance,  = 0.05) was used to determine if interannual differences 
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existed. Statoil sediment data were excluded from this as there were only data collected 
from 2010. One-way ANOVA was used to compare sediment and POM stable carbon 
and nitrogen isotope values (pooled over years), and energy densities among the three 
study areas, followed by Tukey’s post hoc test for multiple comparisons. Simple linear 
regression has traditionally been used to model the correlation between stable carbon and 
nitrogen isotopes in marine food webs (Mincks et al. 2008, Fanelli et al. 2009, Feder et 
al. 2011, Kędra et al. 2012). However, the use of 13C as a quantitative predictor violates 
the assumption of a fixed predictor in simple linear regressions (Quinn & Keough 2002). 
Therefore, regressions of isotope data by area were performed using Model II regression 
(ranged major axis regression, RMA regression) for two random variables to account for 
the use of measured stable carbon isotope values in the regression models (Laws & 
Archie 1981, Quinn & Keough 2002). In this study, RMA regression considered 13C as 
the quantitative predictor and 15N as the response. RMA regression methods are defined 
for regression with one predictor variable; therefore, a “Study Area Effect” was 
determined by comparing confidence intervals of regression coefficients. Significant 
differences were determined by lack of overlap of 95% confidence intervals (Laws & 
Archie 1981). Geospatial modeling was performed using the library geoR for R. Kriging 
plots modeling prey energy density (kJ WM m
-2
) in each study area were generated using 
caloric content (kJ g
-1
 WM) and biomass data (Blanchard et al. 2013a, b) of marine 
mammal prey items previously identified from stomach contents (Lowry et al. 1980, Fay 
1982, Pauly et al. 1998, Sheffield et al. 2001, Dehn et al. 2007, Sheffield & Grebmeier 
2009, Quakenbush et al. 2011a, b). 
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RESULTS 
Stable isotope analysis 
POM from Klondike stations were significantly more 
13
C-enriched compared to 
Burger and Statoil (p < 0.001) with the latter two being statistically similar (p = 0.891) 
(Tables 2 and 3). There was no significant difference among areas for POM 15N 
(ANOVA, p = 0.332) or C/N values (ANOVA, p = 0.150) (Table 2). Average POM C/N 
ratios by study area ranged from 6.24–6.70. 
There were no significant differences among years or year by study area 
interactions within Klondike and Burger sediment data for 13C, 15N, or C/N (all p ≥ 
0.196) (Table 2), allowing interannual data to be combined per area. Sediment stable 
carbon and nitrogen isotope values were significantly different among study areas (Table 
2). Sediment 13C was significantly lower at Klondike compared with Statoil (p < 0.001), 
and 15N was significantly lower at Klondike compared with Burger (p = 0.001) (Table 
2). Sediment C/N ratios differed significantly (ANOVA, p < 0.001), with Klondike 
sediments having a higher C/N ratio than both Burger and Statoil (p = 0.019, p < 0.001, 
respectively) (Table 2). POM from stations in Klondike was relatively more 
13
C- and 
15
N- 
enriched than Klondike sediments, whereas POM was 
13
C-depleted and 
15
N-enriched 
compared with sediments at stations in Burger and Statoil (Table 3). 
A total of 112 taxa were analyzed for stable carbon and nitrogen isotopes with 
approximately 50 taxa from each study area (Table 3). The 95% confidence intervals for 
the intercepts and slopes from RMA regressions overlapped in range, indicating no 
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difference in stable isotope correlations among study areas (Table 4). The fitted linear 
models of food webs were similar among areas, indicating similar food web structures 
among areas (Fig. 3).  
The food webs spanned four trophic levels from POM to higher-order benthic 
predators such as predatory gastropods and polychaetes for all study areas (Table 3). 
Proportional contributions of biomass and abundance to trophic levels by area showed the 
highest proportions of both quantitative measures within trophic level 3 at Burger 
(dominated in biomass by Ophiura sarsii, and by Maldane sarsi in abundance), while 
Klondike and Statoil exhibited higher proportions of biomass and abundance at trophic 
level 2 (high proportions of bivalves) (Fig. 4). Stable carbon and nitrogen isotope values 
were compared for four taxa that were collected in all three study areas to examine spatial 
variation within taxa; these four taxa showed similar stable carbon and nitrogen isotope 
positions in all areas (Fig. 5). However, Ampeliscidae from Klondike and Anonyx spp. 
from Statoil were more enriched in 
13
C than the respective taxa at the other study areas. 
 
Benthic energy content 
A total of 47 taxa collected in 2009 were analyzed for gross caloric content across 
the study region (Table 5). Average energy density by study area was 477 kJ WM m
-2
, 
747 kJ WM m
-2
, and 595 kJ WM m
-2
 for Klondike, Burger, and Statoil, respectively. 
Burger had significantly higher energy density than Klondike (p = 0.012), but was not 
statistically different from Statoil (p = 0.229) (Table 6). Kriging plots of energy density 
showed an increasing west-east gradient across each study area in 2009 (Fig. 6). This 
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trend was particularly strong at Burger and Statoil, ending in an area of peak energy 
density at the eastern edges of these areas. Projected west to east energy density ranged 
from 640 kJ WM m
-2
 to 760 kJ WM m
-2
 in Burger, and from 520 kJ WM m
-2
 to 760 kJ 
WM m
-2
 in Statoil. Klondike energy density was relatively constant across the study area, 
ranging from 500 kJ WM m
-2
 to 540 kJ WM m
-2
 (west to east). 
 
DISCUSSION 
 Small-scale spatial differences among study regions in the POM food source were 
mirrored in suspension-feeding consumers, possibly linked to differences in local primary 
production. The sediment detrital pool, however, was similar in all areas. The distribution 
of benthic biomass and abundance among trophic levels varied by study area, reflecting 
effects of topographic control of water movement on the deposition of food particles to 
the benthos. Energy density also varied spatially and suggests that Burger has the most 
energy-rich benthic community of the three study areas. 
 
Food sources 
Sources of carbon for Arctic benthic marine food webs include water column, 
benthic, ice-edge, and sea-ice production, as well as export from terrestrial and nearshore 
sources to offshore benthos (Syvertsen 1991, Belicka et al. 2002, Ambrose et al. 2005, 
Grebmeier et al. 2006, Glud et al. 2009, Gradinger 2009). These POM carbon sources to 
the benthos are heterogeneous materials that can be spatially and temporally variable 
(Hill et al. 2005, Gradinger 2009, Iken et al. 2010). The stable carbon isotope signatures 
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for POM and sediments in the northeastern Chukchi Sea in this study suggest mainly 
marine carbon sources, which are isotopically heavier than terrestrially derived sources 
(Naidu et al. 2000). Typical pelagic primary producer 13C in the Arctic range from -
26‰ to -21‰ (Gradinger 2009), and terrestrial material in the southern Chukchi Sea is 
estimated to have a 13C signature of -27‰ (Naidu et al. 1993). The mean stable carbon 
isotope ratios of POM in this study were mostly between -21 and -24‰, indicating a food 
source composed of largely marine carbon with possibly some mixing of more 
13
C-
depleted sources. However, Klondike POM 13C values were significantly different from 
Burger and Statoil. The mean Klondike POM 13C value (-21.56‰) more closely reflects 
marine primary production (Bering Sea phytoplankton 13C: -21.2 ± 1‰, Naidu et al. 
1993), whereas mean Burger POM 13C (-23.23‰) and Statoil POM 13C (-23.10‰) 
show more influence from isotopically depleted sources. Low C/N ratios (<6) and high 
15N values (8‰) are typical of marine POM (Naidu et al. 1993), and coincide with the 
data presented herein; C/N ratios were ~6 and 15N values were within one standard 
deviation of 8‰ at all study areas. These results suggest that terrestrial material was not 
present in POM, and that the 
13
C-depleted source at Burger and Statoil is of marine 
origin. Linear regression results show that regardless of origin, there are multiple food 
sources assimilated into the benthic food web. Trophic-shift assumptions of 3.4‰ for 
nitrogen (15N; Vander Zanden & Rasmussen 2001, Post 2002, Mincks et al. 2008, Iken 
et al. 2010, Kędra et al. 2012) and 0.6‰ for carbon (13C; Søreide et al. 2006) provide a 
theoretical slope of approximately 5.67 (15N/13C) for a single food source predatory 
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food chain (Mincks et al. 2008). When there are multiple food sources with different 
stable isotope signatures, the fitted model’s slope will diverge from the theoretical value, 
or the model will become nonlinear (Feder et al. 2011). The slope coefficient (RMA) and 
95% confidence intervals of the RMA regression fitted linear models for each study area 
fell below the theoretical slope, suggesting the presence of multiple carbon sources 
(RMA= 1.69–2.17) (Table 4). 
Seasonal ice and water movement patterns can affect phytoplankton composition 
in blooms and POM 13C values. The summer progression of ice retreat and water mass 
movement in the study region may account for the difference in POM 13C values 
between Klondike and the other study areas. Ice cover loss and stratification enable a 
spring phytoplankton bloom, which follows the retreating ice edge (Hill & Cota 2005, 
Wang et al. 2005). The seasonal ice retreat pattern in the study region is south to north 
(Weingartner et al. 2013); therefore, the spring bloom following break up typically begins 
in Klondike and reaches Statoil and Burger later. Summer water mass movement into the 
region follows a similar progression. BSW gradually expands east into the study region 
from the Central Channel and replaces cold, saline winter water (WW, from salt 
expulsion during ice formation) and surface meltwater (MW, from ice melt) (Day et al. 
2013, Weingartner et al. 2013). BSW moves first into Klondike, then Statoil, and then 
Burger approximately 4–6 weeks later (Day et al. 2013, Weingartner et al. 2013). The 
timescale of the spring bloom is, therefore, delayed from Klondike to Statoil to Burger 
due to this seasonal water movement, which has implications for POM 13C signatures. 
Phytoplankton cell size and growth rate can affect POM stable carbon isotope signatures 
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because larger, fast growing cells in early stages of a bloom are typically more enriched 
in 
13
C compared with smaller, slower growing cells at late stages of a bloom (Fry & 
Wainright 1991, Korb et al. 1996, Burkhardt et al. 1999, Tamelander et al. 2009). 13C 
signatures can also vary among marine phytoplankton species (Falkowski 1991, 
Kopczyńska et al. 1995). Phytoplankton assemblages were not analyzed in this study, but 
later ice retreat and delayed flushing of WW over Burger and Statoil may cause a 
difference in bloom stage and phytoplankton composition in these areas compared with 
Klondike. This could be a mechanism behind the observed differences in POM 13C 
values.  
Stable carbon isotope signatures of consumers can provide insight on the 
timescales of variability in food sources if tissue turnover rates are known. Spatial 
differences in 
13
C enrichment also were observed in the amphipods of the family 
Ampeliscidae, which had higher 13C values at Klondike than those collected from 
Burger and Statoil (Fig. 5). Primary consumers, such as suspension-feeding ampeliscids, 
are linked directly to available carbon sources in an area, and their 13C signatures 
represent an average of local food source 13C signatures (DeNiro & Epstein 1978, Fry 
1988, Saupe et al. 1989). Benthic invertebrates integrate the stable isotope signature of 
their diet on the order of weeks to months (McMahon et al. 2006, Kaufman et al. 2008, 
Weems et al. 2012), as opposed to POM, which represent the immediately available 
material and can change in a matter of days. Stable carbon isotopes have a half-life of 
~20 days in Arctic amphipods (Kaufman et al. 2008), indicating that the observed POM 
differences among areas may have been present for several weeks and alluding to 
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possible small-scale spatial variation in food sources. However, the mean 13C values of 
deposit-feeding consumers (Ennucula tenuis bivalves and Maldanidae polychaetes) in the 
three study areas were within a 1‰ range of each other (Fig. 5). These animals reflect 
spatial variation in deposited food sources instead of suspended matter due to their 
sedentary nature and feeding habits. Mean sediment 13C values were significantly 
different within 0.5‰ in all areas, but observed differences were likely not ecologically 
significant. The lack of a strong spatial pattern in sediment and deposit-feeding taxa 
indicates that despite variability in water column production, sediment microbial activity 
seems to render the detrital pool overall very similar in all areas. 
Microphytobenthos and sea ice algae are two possible food sources to the benthos 
that were not examined in this study. Microphytobenthos are major contributors of 
primary production to communities in shallow seas (McMinn et al. 2005) and typically 
are enriched in 13C by ~6‰ over phytoplankton (Herman et al. 2000, Kang et al. 2003). 
Dense filamentous microalgal mats have been observed in the nearshore Chukchi Sea 
after ice melt (Matheke and Horner 1974) and recent work in the northeastern Chukchi 
Sea suggests that microphytobenthos are present and a possible food source to the 
benthos there (McTigue et al. 2012). The importance of sea ice algae to benthic food 
webs in this region has not yet been extensively studied. However, substantial amounts of 
ice algae are released during ice melt in the Chukchi Sea and are a food source to benthic 
and pelagic organisms (McMahon et al. 2006, Gradinger 2009). Ice algae tend to 
aggregate and sink quickly out of the water column (Michel et al. 1993, Haecky et al. 
1998, Mincks et al. 2008, Lavoie et al. 2009), and, therefore, can accumulate in surface 
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sediments. Ice algal 13C values in the Chukchi/Beaufort seas are highly variable (-25‰ 
to -14‰) and increase with ice algal biomass during the growing season (Tremblay et al. 
2006, Gradinger 2009), leaving them enriched in 
13
C over phytoplankton. Sediment 13C 
from the study areas were 
13
C-depleted compared with expected ice algal and 
microphytobenthos stable carbon isotope signatures. Also, mean sediment chlorophyll-a 
values from 2009 and 2010 were very low (ranging from 0.015–2.554 g cm-3; Blanchard 
et al. 2013a). The presence of microphytobenthos or sea ice algae in surface sediments 
during the time of collection is, therefore, unlikely. However, microphytobenthos and ice 
algal 13C signatures may be detected in primary consumer tissues. In this study, 
Ennucula tenuis 13C signatures overlapped with both microphytobenthos and ice algal 
13C ranges as potential food sources (Fig. 5), suggesting ingestion of an enriched food 
supply based on the assumed 0.6‰ trophic enrichment factor in 13C from source to 
consumer (DeNiro & Epstein 1978, Søreide et al. 2006). Infaunal sampling began 
between August 5 and August 17 for all years, approximately 16–28 days following the 
typical ice free date for the study region during the 2009–2011 sampling seasons (July 
20; Weingartner et al. 2013). Feeding experiments have shown that arctic benthos readily 
consume deposited ice algae within several days and may exhibit preferential feeding on 
this food source (McMahon et al. 2006, Sun et al. 2007). It is therefore possible that ice 
algae were deposited earlier in the season during break up (prior to July 20) and 
consumed and assimilated by E. tenuis before sampling occurred. To summarize, these 
findings support the hypothesis that pelagic food source characteristics vary in the study 
region, likely due to hydrographic and ice retreat differences among areas. The sediment 
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detrital pool, however, was comparable among all areas and may be a result of similar 
microbial activity. 
 
Food web structure  
 Food web structure is often an indicator of ecosystem functioning; benthic food 
web length can indicate how tightly trophic levels are coupled to primary production. 
Quantitative distribution within the community among the trophic levels of a food web 
shows the major pathways of how the bulk of primary production is assimilated (Iken et 
al. 2010). Small-scale differences in food web structure among study areas were 
evaluated by comparing linearity, number of trophic levels, and quantitative contributions 
of biomass and abundance to trophic levels. The fitted linear models and trophic levels of 
taxa were similar among areas, and all study areas had four trophic levels (Fig. 3, Table 
3). This agrees with the food web length and a detritally-based food web found in other 
Arctic regions (Hobson et al. 1995, Raffaelli 2000, Iken et al. 2005, 2010, Dunton et al. 
2012, Kędra et al. 2012). 
The quantitative representations of trophic levels (based on community biomass 
and abundance) in conjunction with feeding mode information can reflect the delivery 
processes and nature of primary production supplied to an area. For example, benthic 
communities in the southern Chukchi Sea under the influence of AW and ACW have the 
same number of trophic levels; however, communities under AW are quantitatively 
dominated by lower trophic level fauna (Iken et al. 2010). These animals feed directly on 
labile carbon, and their strong presence emphasizes the abundant supply of fresh material. 
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This is in contrast to communities under ACW, which are dominated by higher trophic 
level deposit feeders utilizing more refractory material with enriched stable nitrogen 
isotope signatures. A similar pattern was observed in the present study, with communities 
at Klondike and Statoil showing higher abundance and biomass of trophic level 1 and 2 
consumers of labile carbon, whereas Burger was dominated by trophic level 3 
nonselective deposit feeders. These differences may be attributed to indirect effects of 
topographic control of water movement on biological communities (Desrosiers et al. 
2000, Blanchard et al. 2013a, b). The presence of Hanna Shoal north of the study region 
creates an anticyclonic gyre and causes currents to converge and slow over the Burger 
study area (Weingartner et al. 2013). The slowed water movement results in increased 
deposition of organic matter (Blanchard et al. 2013a, Weingartner et al. 2013). This high 
amount of organic matter is then subjected to microbial degradation and deposit-feeding 
bioturbation, which enrich sediments in 
15
N through bacterial degradation of amino acids 
and deamination processes (Freudenthal et al. 2001, Granger et al. 2011). The resulting 
enrichment in 
15
N of the deposited food source propagates up the food chain when 
organic matter, meiofaunal degraders, and microbes are assimilated by nonselective 
deposit-feeding organisms. For these reasons, depositional areas such as Burger are 
expected to show a strong presence of higher trophic level detritivores. Conversely, 
stronger currents at Klondike and Statoil may create more favorable conditions for 
suspension feeders and other primary consumers by supplying fresh labile material from 
advection or resuspension. The differences in flow processes and particle deposition vs. 
suspension appear to strongly influence the major energy pathways through the various 
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trophic levels. These results suggest that current regimes at Statoil are more similar to 
those at Klondike than those at Burger, despite the close proximity of Statoil and Burger. 
High proportions of primary consumers at lower trophic levels are indicators of 
tight pelagic-benthic coupling where most of the labile material from primary production 
is delivered to the benthos (Iken et al. 2010). This condition was observed at Klondike 
and Statoil.  The near absence of trophic level 1 organisms at Burger implies a more 
refractory energy pathway by nonselective deposit feeders, most likely due to a lack of 
fresh material. It is also possible that the large number of trophic level 3 Maldanidae 
polychaetes at Burger (thousands of individuals per m
2
) out-compete lower trophic level 
animals, such as bivalves, for space and food (Levin et al. 1997). Sediment core 
chlorophyll-a analyses show that deposited phytoplankton generally is highest at the 
surface and declines with depth (Blanchard et al. 2013a), indicating that fresh material is 
not rapidly subducted out of reach of surface deposit feeders. Organic material that may 
be stored at depth can also be redistributed back to the surface via bioturbation activities 
by benthic-feeding predators, especially walruses (Ray et al. 2006). Therefore, food 
limitation does not seem to explain the absence of surface-feeding bivalves at Burger. 
However, the competition for space and destabilization of sediments by worm tubes may 
create an unfavorable habitat that prevents establishment of a substantial bivalve 
community (Eckman et al. 1981). In summary, these findings support the overall 
hypothesis that small-scale differences in food web structure exist in the study region. 
These differences were likely driven by differences in water flow and particle deposition 
in the different study areas, resulting in varying levels of pelagic-benthic coupling 
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strength. This caused differences in the composition of benthic feeding types that are 
most apt at exploiting these particle flux differences (e.g., dominance in suspension-
feeding vs. deposit-feeding).  
 
Energy density of benthic communities 
Stable isotope analysis indicated that there was strong pelagic-benthic coupling in 
the study areas; therefore, it was of interest whether this coupling was reflected in the 
spatial energy distribution of the benthic community. In this study, the eastern side of the 
study region around Burger exhibited the highest benthic gross energy density values 
(Fig. 6, Table 6). Landscape features such as canyons and shoals are areas of high benthic 
production due to focused deposition of sediments and organic matter (Rosenberg 1995, 
De Leo et al. 2010, Blanchard et al. 2013a, b), which has a direct positive effect on 
benthic biomass (Grebmeier et al. 1988, Grebmeier & McRoy 1989). Higher benthic 
biomass at Burger compared with Klondike and Statoil was a contributing factor to the 
higher gross energy density values at Burger (Blanchard et al. 2013a). However, 
taxonomic composition of the benthic community also may have an effect on gross 
energy values due to differences in caloric content of the individual taxa (Atkinson & 
Wacasey 1983, Wacasey & Atkinson 1987, Lawson et al. 1998, Ball et al. 2007, 
Hondolero et al. 2012). The small-scale spatial pattern of energy density observed here 
coincides with the distribution of bivalve biomass, which are abundant at the calorically-
rich areas of Statoil and just to the east of Burger (Blanchard et al. 2013a). On a larger 
spatial scale, the predicted benthic community energy densities in this study are 
29 
 
comparable to or higher than other regions with similar benthic community composition. 
For example, the mean energy density of benthic and epibenthic invertebrates in St. 
Margaret’s Bay, Nova Scotia, Canada is 318 kJ WM m-2, with a maximum station value 
of 728 kJ WM m
-2 
(Brawn et al. 1968). This maximum value is similar to the highest 
station values from this study and the projected mean gross energy density is lower than 
in the present study. This comparison suggests that the study region is relatively rich in 
benthic invertebrate prey for higher trophic levels given that other foraging constraints 
are negligible (e.g., ice cover, depth). 
Arctic marine mammal predators feeding on benthos (e.g., walruses, bearded 
seals, gray whales) will attempt to maximize energetic gain by maximizing quantity and 
quality of prey ingested and reducing foraging costs, a strategy described by the optimal 
foraging theory (Emlen 1966, Perry & Pianka 1997, Rosen & Trites 2004, Spitz et al. 
2012). Accordingly, marine mammal predators appear to target prey occurring in high 
densities, or prey having high energy content (summarized by Bluhm & Gradinger 2008). 
The energy density values calculated here account for between 31% to 98% of total 
benthic biomass at any given station as these values are only inclusive of benthic 
invertebrate prey for a select group of benthic-feeding marine mammals (Table 7). 
Therefore, gross energy density estimates are almost certainly an underestimate of total 
available prey energy density, which include taxa (e.g., benthic fishes) that may be 
important prey items, but were not collected in this study. A 550 kg adult female walrus 
summering in the Chukchi Sea may consume as much as 106,000 kJ per day (193 kJ per 
kg body mass; Fisher et al. 1992). Taking into consideration a Pacific walrus population 
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of approximately 129,000 individuals (Speckman et al. 2011), even if only 26% of this 
population utilize the northeastern Chukchi Sea (based on Gilbert 1989), the potential 
impact of just this one predator on the benthos is substantial. For example, even in the 
highest density energy region of the study areas in eastern Burger (approximately 750 kJ 
WM m
-2
), a single adult female walrus would have to exploit roughly 140 m
2
 of the 
bottom invertebrate community per day to satisfy its daily energy needs. Therefore, 
within the small scale of the study region, the eastern parts of Statoil and Burger seem to 
present better benthic marine mammal feeding grounds compared with Klondike. This is 
supported by satellite tag and observational data that indicate large aggregations of 
walruses (as many as 700 individuals) hauled out on ice in the Burger area (Jay et al. 
2012, Aerts et al. 2013). However, on the larger, population scale of bottom-feeding 
mammal predators, the study region overall can only satisfy a small amount of their 
energy demands. The predation pressure on benthic systems may be alleviated by an 
extended prey spectrum of some marine mammals. Bearded seals, for example, may feed 
heavily on pelagic prey during years of reduced sea ice extent (Carroll et al. 2013), which 
extends their prey list to high-energy taxa (such as pelagic fishes; Ball et al. 2007). 
Walruses and bearded seals also feed extensively on pelagic and benthic fishes (Antonelis 
et al. 1994, Quakenbush et al. 2011a), which were not captured in the energy estimates of 
this study. It is also noteworthy that prey digestibility factors into a predator’s prey 
selection, and that lack of specialized feeding abilities or physiological limitations (e.g., 
suction-feeding, aerobic dive limit, thermoregulatory costs, diving capabilities) may 
prevent a predator from consuming a specific prey regardless of its energy quality (Rosen 
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et al. 2007). For these reasons, consideration of taxonomic composition and physical 
limitations of the predator is important when drawing inferences of top predator feeding 
patterns from benthic prey energy density. In addition to the small-scale spatial variation 
in gross energy density of the benthic invertebrate community determined here, 
individual prey taxa also may vary temporally based on reproductive status, and 
temporally varying food availability and food quality (Jorde & Owen 1990, Bagatini et 
al. 2007, 2010, Leu et al. 2010). Data presented herein, however, are useful as an 
approximation of the mean caloric content/gross energy density values available for 
consumption by higher trophic levels during the late summer/early fall in the northeastern 
Chukchi Sea. These findings support the hypothesis that benthic food webs vary in gross 
energy density among study areas. This small-scale variability is most likely highly 
influenced by hydrographic conditions affecting particle deposition. 
 
CONCLUSIONS 
Small-scale spatial differences were detected in some benthic food web 
characteristics among the study areas in the northeastern Chukchi Sea. Marked 
differences among areas were observed when trophic levels were quantified based on 
benthic invertebrate biomass, abundance, and energy density. These differences are likely 
linked to interactions of topography and the overlying water mass currents that increase 
the particle deposition at Burger. There was a dominance of trophic level 3, nonselective 
deposit feeders at Burger, indicative of a highly depositional area of refractory material. 
Water current conditions at Klondike and Statoil appear to be similar and favored 
32 
 
 
 
consumers of suspended labile carbon sources, as shown by dominance of trophic level 1 
and 2 taxa. The resulting benthic communities differed spatially in energy density, as 
hypothesized. The findings presented herein show that substantial differences in benthic 
food webs are detectable in fine resolution studies; these small-scale differences may 
have important ecological implications, such as delineating rich feeding grounds for 
marine mammal predators. 
One possible scenario of continued climatic warming in the Arctic is a shift of 
ecosystems towards decreased primary production exported to the benthos through 
heavier zooplankton grazing, thus favoring a pelagic food web. This can have negative 
implications for the benthic communities in the study region, possibly to a higher degree 
in the energy-rich regions of Burger, where high quantities of deposited food structure the 
benthic community. Results from this study give insight on the spatial scales appropriate 
for understanding and monitoring changes to the Arctic shelf benthic community; small-
scale variation as described here may be overlooked in larger regional studies, but such 
spatially-focused investigations may be useful going forward as climatic and 
anthropogenic influences affect the ecosystem. 
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Figure 1. Map of the overall study region. The three study areas (Klondike, Burger, 
and Statoil) are denoted in boxes. Conceptual oceanographic circulation (indicated by 
arrows) based on Winsor & Chapman (2004), Spall (2007), and Weingartner et al. 
(2013). 
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Figure 2. Map of samples taken at stations within the Klondike, Burger, and Statoil 
study areas. The three sample types for stable carbon and nitrogen isotope analysis 
(sediments, invertebrates, POM) are indicated by squares, circles, and 
triangles, respectively. Caloric samples (invertebrates) are indicated by crosses.  
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Figure 3.  Ranged major axis (RMA) regression of benthic invertebrate stable carbon 
and nitrogen isotope data from Klondike, Burger, and Statoil. Each point represents the 
mean stable carbon and nitrogen isotope signature of one taxon. The center line is 
the fitted linear model, with slope 95% confidence intervals denoted above and 
below the fitted line. 
  
56 
 
 
 
 
Figure 4.  Proportional contributions of benthic biomass and abundance of 
taxa to each trophic level at Klondike, Burger, and Statoil. Trophic level is based on the 
primary consumer Ampelisca eschrichti (TL(PC)=2, see Methods section for details). The 
feeding mode of the taxa with the highest biomass/abundance contributing to each trophic 
level is noted within each bar. Feeding modes: BO benthic omnivore, DF deposit feeder 
(includes surface and subsurface), SF suspension feeder, P predator. 
 
57 
 
 
Figure 5.  Stable nitrogen vs. carbon isotope ratios of four benthic invertebrate taxa 
(closed symbols) and POM (open symbols) at Klondike, Burger, and Statoil. Each point 
represents a mean with standard deviation (SD) bars. Feeding modes: DF: Deposit feeder 
(includes surface and subsurface), S: Scavenger, SF: Suspension feeder. Ice algal and 
microphytobenthos 13C range values from France (1995), Tremblay et al. (2006), and 
Gradinger (2009) for comparison of organism stable isotope ratios with those of potential 
food sources (see Discussion). 
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Figure 6.  Spatial model of potential prey gross energy density in kJ WM m
-2
. Study 
areas are indicated by the first letter of their name: B: Burger, K: Klondike, S: Statoil. 
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Table 1. Mean and standard deviation (SD) of 2009–2011 biomass (g WM m-2) and 
abundance (individuals m
-2
) data for the macro- and megafaunal community at Klondike, 
Burger, and Statoil. Values are based on biomass and abundance data from Blanchard et 
al. (2013a, b). 
 
Klondike 
  Mean SD 
Biomass (g WM m
-2
) 154.67 38.32 
Abundance (individuals m
-2
) 1355.33 592.41 
 
Burger 
  Mean SD 
Biomass (g WM m
-2
) 310.10 59.92 
Abundance (individuals m
-2
) 3695.03 1133.03 
 
Statoil 
  Mean SD 
Biomass (g WM m
-2
) 307.50 65.47 
Abundance (individuals m
-2
) 1205.00 219.20 
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Table 2. P-values for one-way ANOVA with Tukey multiple comparisons of 
sediment and POM stable carbon and nitrogen isotope data and C/N ratios, as well as 
two-way ANOVA of interannual sediment isotope data. Values significant at  = 0.05 are 
in bold. 
 
POM 
 
SEDIMENT 
 
δ13C δ15N C/N 
 
δ13C δ15N C/N 
        
 
      
ANOVA <0.001 0.332 0.150 
 
<0.001 0.002 <0.001 
        
                
Klondike - Burger <0.001 0.802 0.127 
 
0.073 0.001 0.019 
Burger - Statoil 0.891 0.659 0.612 
 
0.078 0.344 0.143 
Klondike - Statoil <0.001 0.306 0.499 
 
<0.001 0.070 <0.001 
                
        Year - - - 
 
0.469 0.978 0.226 
Study Area - - - 
 
0.034 <0.001 0.040 
Year*Study Area - - - 
 
0.524 0.847 0.196 
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Table 3.  Stable carbon and nitrogen isotope data of POM, sediments, and benthic invertebrates collected from Klondike, 
Burger, and Statoil. Values are reported as means with standard deviation (SD), number of replicates (n), trophic level (TL) 
based on a primary consumer (see Methods for details), and feeding type (BO benthic omnivore, DF deposit feeder [includes 
surface and subsurface], GR grazer, P predator, S scavenger, SF suspension feeder). 
 
6
1
 
58 
 
 
 
Table 3. (continued) 
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Table 3. (continued) 
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Table 3. (continued) 
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Table 4. Ranged major axis (RMA) regression of benthic invertebrate stable carbon 
and nitrogen isotope ratios at Klondike, Burger, and Statoil. 
 
  
  
Area Intercept 
Slope 
(RMA) 
p-value 
95% Confidence 
Interval: Intercept 
95% Confidence 
Interval: Slope 
Klondike 44.55 1.69 0.01 (34.47, 61.07) (1.17, 2.55) 
Burger 47.29 1.83 0.01 (37.23, 62.82) (1.30, 2.65) 
Statoil 53.78 2.17 0.01 (42.08, 70.15) (1.56, 3.01) 
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Table 5. Gross energy content (kJ g
-1
 DM, kJ g
-1
 WM) of selected benthic invertebrates. Values are reported as means 
with standard deviation (SD), and number of replicates (n). 
6
6
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Table 6. Tukey multiple comparisons of mean gross energy density (kJ WM m
-2
) 
among study areas Klondike, Burger, and Statoil following a significant ANOVA (p = 
0.01). Values significant at  = 0.05 are in bold. 
Comparison p-value 
Klondike - Burger 0.012 
Burger - Statoil 0.229 
Klondike - Statoil 0.407 
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Table 7. Mean potential prey biomass and total biomass (g WM m
-2
) by station, 
and proportion of total biomass accounted for by prey item biomass. Values are reported 
as means with standard deviation (SD) and are averaged over the 2009–2011 sampling 
period. Values based on Blanchard et al. (2013a, b), and Blanchard (unpublished data). 
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Table 7. (continued) 
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